ABSTRACT. Lagerstroemia (crape myrtle) are famous ornamental plants with large pyramidal racemes, long flower duration, and diverse colors. However, little is known about the genetic structure and diversity of germplasm in Lagerstroemia. We genotyped 81 L. indica cultivars, five other species of Lagerstroemia, and 10 interspecific hybrids using 30 simple sequence repeat markers; 275 alleles were generated with a mean of nine alleles per locus. The mean polymorphism information content value, a measure of gene diversity, was 0.63, with a range from 0.25 to 0.86. The mean observed heterozygosity (0.51) tended to be lower than the mean expected heterozygosity (0.67). The mean F-statistics (F ST , F IS , and F IT ) were 0.05, 0.20, and 0.24, respectively, indicating a high level of genetic variation among cultivars. Clustering analysis based on genetic distance divided the 96 genotypes into three distinct groups, which corresponded with their genetic backgrounds and geographic regions. L. indica cultivars and the other five L. species were grouped into different sub-clusters. Chinese and North American cultivars were divided into different clusters. These data about the genetic relationship among cultivars demonstrated the potential value of L. indica cultivars and other Lagerstroemia species for widening the genetic basis of breeding programs for this ornamental flower.
INTRODUCTION

DNA extraction
Total genomic DNA was isolated from young leaf tissues, using the FastDNA kit (TianGen) and following the manufacturer protocol. DNA concentrations were estimated with Smart Ladder (TianGen) on a 1% (w/v) agarose gel containing Gel Red at 0.1 μg/mL 1X TAE buffer, with bands visualized under UV light (Zhu et al., 2011 
White NN155C EA RHS = Royal Horticulture Society; NA = North American; EU = Europe; EA = East Asia. Some pedigree information refers to Wang et al. (2011) . 
SSR screening and analysis
A total of 28 SSR primers were synthesized based on published information Cai et al., 2011) . Primers 29 and 30 were designed by Primer Premier 5.0 (Palo Alto, Canada) from the sequence data provided by GenBank. These primers were prescreened on eight randomly selected genotypes to select optimal primers for further analysis. The details of the nucleotide sequences of SSR primers are shown in Table 2 The forward primers were synthesized with an additional 18 nucleotides from the M13 universal primer appended to the 5'-end (Schuelke, 2000) . The SSR reactions were performed in a 10-μL reaction volume that contained 20 ng genomic DNA, 5 μL 2X Taq PCR Master Mix (Biomiga), and 50 ng each forward and reverse primer. The M13 universal primer was labeled either with a blue (FAM), green (HEX), or red (ROX) fluorescent tag (Sangon, Shanghai, China).
PCR began with denaturation at 94°C for 3 min, followed by 30 cycles of PCR amplification, each consisting of 30 s at 94°C for denaturation, 30 s at 48°-60°C (primer specific) for annealing, and 30 s at 72°C for extension, and a final extension of 72°C for 5 min. The PCR products (0.5 μL) with different fragment sizes and different fluorescent labels were pooled and combined with 9 μL Hi-Di formamide and 0.5 μL LIZ-500 (Applied Biosystems, USA) size standard and analyzed on an ABI3730xl DNA Analyzer (Applied Biosystems). The GeneMapper v4.0 software (Applied Biosystems) was used to determine the polymorphic information content (PIC).
Data analysis
The summary statistics reflected the genetic diversity level, including the observed number of alleles per locus (N A ), PIC, Shannon's information index (I), observed heterozygosity (H O ), expected heterozygosity (H E ), Nei's genetic distance, F-statistics (F ST , F IS , and F IT ) (Wright, 1969) and gene flow (N m ), which were calculated using POPGENE version 1.31 (Yeh et al., 1999) . We carried out analysis of molecular variance (AMOVA) to partition the genetic variance between regions, and between individuals within regions, using the Arlequin version 2000 software (Schneider et al., 2000) . Genetic distances between individuals were calculated based on shared allele distance to create a matrix. The cluster results of 96 genotypes were conducted by PowerMarker version 3.25 (Liu and Muse, 2005) , and dendrograms were viewed with MEGA 4 (Tamura et al., 2007) . oped from L. indica. Of these 30 SSR loci, dinucleotide repeats and tetranucleotide repeats both represented 40%, and the remaining six SSR loci (20%) were trinucleotide repeats. The 30 SSR markers that generated 275 alleles were used to estimate the genetic diversity among 96 accessions. The N A revealed by each marker ranged from 4 to 15, with an average of 9 per marker (Table 3 ). The PIC value ranged from 0.25 (SSR22) to 0.86 (SSR3), with an average of 0.63. N A = observed number of alleles; PIC = polymorphic information content; I = Shannon's information index; H O = observed heterozygosity; H E = expected heterozygosity; N m = gene flow. The I computed in our experiment was 1.49 and ranged from 0.59 (SSR22) to 2.29 (SSR3). Nei's genetic distance for the SSR loci ranged from 0.26 (SSR22) to 0.87 (SSR3), with an average of 0.67. The mean H O (0.51) was lower than the H E (0.67). Of the 30 SSR loci, the mean F ST was 0.05, while F IS and F IT were 0.20 and 0.24, respectively. N m varied from 14.98 (SSR29) to 1.61 (SSR23), with an average of 4.50.
RESULTS
Allelic diversity at SSR loci
Cluster analysis and genetic diversity
The genetic relationships between the accessions were determined based on shared allele distance for the 275 fragments. Overall, the 96 accessions were divided into three major clusters: A, B, and C (Figure 1 Cluster B was composed of L. fauriei with 40 cultivars, of which three (Nos. 57, 58 and 59) were from Europe; the other cultivars were collected from North America. Two subclusters of cluster B were named B-I and B-II. Cluster B-I comprised 18 genotypes. This subcluster corresponded to growth habit; most were dwarf and weeping cultivars. Cluster B-II contained 20 of the 22 cultivars, which were interspecific hybrids between L. fauriei (No. 87) and L. indica.
Cultivars in Cluster C were cultivated in China except for Nos. 23, 30, 40, and 48, and originated from L. indica. All the interspecific hybrids shared the genetic background of L. indica, and were grouped in this cluster. Cluster C was further divided into five sub-clusters. Cluster C-IV comprised 15 cultivars: 14 Chinese cultivars, which were long-term selections from cultivated population of L. indica and No. 82. Clusters C-I and V contained Nos. 72, 75 
DISCUSSION
SSR primers developed from both L. caudata and L. indica produced clean amplification of PCR products with the expected allele sizes from 96 genotypes, indicating that a high proportion of SSRs from related species can be used in amplifying crape myrtles (Cai et al., 2011) . The mean number of alleles per SSR locus (9) detected in this study was higher than that reported by Wang et al. (2011) (6.6 ) from 57 L. indica cultivars, five L. fauriei cultivars and 37 interspecific hybrids and higher than that detected by Cai et al. (2011) (5.8) 
from 50
Chinese crape myrtle cultivars. The higher number of alleles per locus in our study could reflect the differences between genotypes and the co-dominant SSR markers used in genetic diversity analysis. Compared to other studies on the genetic diversity of crape myrtle using AFLP and RAPD (Pooler, 2003; Yang et al., 2004; Gu et al., 2010) , SSR markers showed a higher efficiency of polymorphism evaluation. The SSR loci that produced a higher number (12-15) of alleles, such as SSR2, SSR3, SSR5, SSR9, SSR17, SSR19, and SSR28, revealed a high gene diversity (PIC value), which ranged from 0.73 to 0.86 per locus. The average PIC among dinucleotide repeats was 0.7, while the PIC for tri-and tetranucleotide repeats was 0.67 and 0.55. In general, the SSRs with dinucleotide repeats showed higher allele diversity than did tri-and tetranucleotide repeats, and a direct relationship exists between marker information content and the number of repeat units (Innan et al., 1997; Ali et al., 2008; Cai et al., 2011) . The PIC values in our study indicated that these markers are useful for molecular research, for differentiating genotypes and clustering them for genetic diversity analysis (Narasimhamoorthy, 2008) .
The H E (0.67) was higher than the H O (0.51), which suggests that heterozygosity is deficient for these loci, possibly because of the presence of null alleles at these loci. In such cases, heterozygous plants carrying one null allele may be scored as homozygous for the readable allele (Dias et al., 2008) . The hierarchical AMOVA indicated different levels of genetic variance among populations and among individuals within populations. Only 5% (F ST ) of the overall variation was the result of differences between the three geographic regions. The higher gene flow observed in our study might have been related to the sampling of populations over a larger geographic area (Mehes, 2009) and because the cultivars came from different regions. In our study, the results indicated a higher genetic diversity compared to other studies (Nan et al., 2003; Sereno et al., 2006; Ali et al., 2008) , which probably resulted from the allogamy of the Lythraceae. Thus, the results in this study demonstrated that SSR markers are effective tools for improving the genus taxonomy of Lagerstroemia, especially in solving the confusion surrounding the exact number of species in this genus (Rinehart and Pounders, 2010) .
In the cluster analysis, nearly all the crape myrtle cultivars were clustered together, while the Lagerstroemia species and interspecific hybrids were grouped together, which was similar to the results based on SSR markers of Rinehart and Pounders (2010) , Wang et al. (2011), and Cai et al. (2011) . There were several exceptions, i.e., the L. indica cultivars Nos.
19 and 32 clustered with L. fauriei (No. 87) while Nos. 66 and 77 clustered with L. subcostata (No. 85) or L. limii (No. 86) . Nos. 19 and 32 were purchased from a commercial source. When they were propagated, transported, and sold, mislabeling could have occurred because of their similar flower color and growth habit . On the other hand, Nos. 19, 32, 66 , and 77 lack a full and certain description and may be hybrids, although they were labeled as L. indica.
The cluster analysis showed that cultivars from the same geographic regions tended to group together (Zhu et al., 2011) . Cultivars from North America mainly grouped in Clusters A and B, while Chinese cultivars grouped in Cluster C. There was an interesting exception in that Nos. 15, 56, and 74 are from different geographic regions but grouped together. Interestingly, according to the morphological database, they have many similar traits, such as the same flower color (Red 53B and White NN155C) and plant size (shrub). Based on this result, we concluded that the three cultivars may have a similar genetic background.
Within clusters, there are some sub-clusters corresponding to growth habit. Nos. 34 and 39, which originated from a bud mutation of No. 38, are dwarf cultivars. Likewise, Nos. 33, 35, 36, 37, 43, 46 , and 49, which originated from seedling selection by Chopin from a checklist (http://www.usna.usda.gov/Research/Herbarium/Lagerstroemia/), are dwarf and weeping cultivars. The hybrids, namely Nos. 1, 2, 3, 4, 7, 8, 9, 12, 13, 14, 16, and 17 , are trees or large shrubs, probably because they have the genetic background of L. fauriei. Clustering resulting from growth habit is likely to reflect shared pedigrees (Dirr et al., 2005; Wang et al., 2011) or the same breeding method.
Most cultivars in Cluster A originated from L. indica, and the flower colors were red or purple. Zhang et al. (2008) reported that the red or purple flower color is probably the result of specific anthocyanin accumulation that was inherited from L. indica. White flower color is associated with L. fauriei. Generally, the higher percentage of L. fauriei in a cultivar's genetic background, the lighter the flower color will be . Our results showed a similar trend as in the report of Wang. Nos. 2, 7, 8, 13, 16 , and 54 clustered closely with L. fauriei (No. 87), contained half or a quarter of the genetic material of L. fauriei in their background, and produced light lavender or pink flowers. The other cultivars in sub-cluster B-II that contained less genetic background from L. fauriei had dark lavender or pink flowers.
Among the five species, L. fauriei was clustered with North American cultivars because it was a parent of these cultivars. The remaining four species were clustered with the Chinese cultivars. Eight interspecific hybrids (Nos. 89 to 96) were hybrids of L. caudata (No. 86) and Chinese cultivars, and they had different levels of fragrance because L. caudata is an aromatic species. L. speciosa and L. caudata were clustered together, while L. subcostata and L. limii were clustered closely. Species and their interspecific hybrids formed new cultivar groups, indicating that these accessions represent new resources for breeding programs.
Several genotypes that shared a common parentage were clustered into different groups instead of being clustered together. For example, Nos. 10 and 20 (Cluster A) and No. 23 (Cluster C-I) share L. fauriei in their parentage but were not grouped in Cluster B-II. Similarly, No. 82 (Cluster C-IV) has the parentage of L. speciosa (Cluster C-II), but they were not clustered together, which demonstrated that genetic relationships based on molecular markers do not always agree with the results estimated by pedigree information, because of unrealistic assumptions for estimating the co-ancestry coefficient (Ali et al., 2008) .
In conclusion, based on the results of our study, the use of microsatellite markers was highly informative for Lagerstroemia. Long time geographic isolation seems to have led to significant genetic differentiation among Lagerstroemia germplasm resources. The phylogenetic relationship and genetic variation of Lagerstroemia germplasm will provide a rich source of materials for the selection of appropriate parents for breeding programs.
